Abstract-High frequency (HF) signal injection is an effective sensorless control scheme for interior permanentmagnet synchronous motor (IPMSM) drives to achieve low and zero speed operation. However, the audible noise produced by the injected HF signal is often very shrill and harsh to hear, which restricts the actual application. In order to reduce the audible noise, a novel pseudo-random HF square-wave voltage injection scheme is proposed in this paper. The HF voltages with two different frequencies are randomly injected into the estimated rotor reference frame cycle by cycle, and a corresponding signal demodulation method for extracting the rotor position information is presented. Based on the principle analysis of this random frequency injection scheme, the digital time-delay effect in HF signal is considered and a compensation method for signal demodulation is proposed, which is effective in reducing position estimation error. Then, the power spectra density (PSD) in fixed frequency and pseudo-random frequency injection schemes are compared both theoretically and experimentally. The distribution of HF voltage and current PSD is extended by using the proposed injection scheme. Finally, this sensorless control method is verified by simulation and experiment on a 2.2-kW IPMSM drive platform.
I. INTRODUCTION
R ECENTLY, interior permanent-magnet synchronous motor (IPMSM) drives have been adopted in many applications from household appliances to industrial fields. Sensorless control strategies of IPMSM have attracted much attention in the past two decades because they can reduce the cost and improve the reliability of the drive system [1] - [5] . High-frequency (HF) signal injection based sensorless control schemes present good performance in low and zero speed operation. However, The authors are with the School of Electrical Engineering and Automation, Harbin Institute of Technology, Harbin 150001, China (e-mail: WGL818@hit.edu.cn; yanglei_hit@126.com; yuanbihegene@163.com; hanchao400@126.com; wisdom9527@163.com; xudiang@hit.edu.cn).
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the acoustic noise resulting from the injected HF signal is often very shrill and harsh to hear since the frequency of the signal concentrates on a narrow audible region. For this reason, the widespread application of HF signal injection based sensorless control scheme is restricted. HF signal injection schemes can be classified into two kinds: sinusoidal-wave HF signal injection [6] - [8] and square-wave HF signal injection [9] - [11] . Using these methods can effectively obtain accurate rotor position information at low and zero speed region but suffer from the acoustic noise problem when the fixed frequency signal within the audible region is injected.
Many efforts have been made to reduce the acoustic noise. They can be classified into amplitude adjustment and frequency adjustment. The methods to select a suitable signal amplitude were proposed in [12] and [13] . Although decreasing the injected signal amplitude can attenuate the acoustic noise, the signal-to-noise ratio (SNR) would also be decreased, which makes it harder to extract the effective position information. Furthermore, the whole control performance will deteriorate, especially for the machine whose saliency is not prominent.
In order to enhance the accuracy of stator current measurement, the current oversampling technique implemented in a field programmable gate array was proposed to improve SNR [14] , [15] . For better extraction of rotor position information at lower SNR, schemes based on wavelet transform and discrete Fourier transform were adopted in the digital signal processing [16] - [18] . Consequently, the position information can be extracted at low SNR more effectively.
Adjusting the frequency of injected signal is also an alternative solution to reduce the audible noise. A low-frequency signal injection scheme was proposed in [19] . Since the conventional digital filters used to separate the low-frequency current signal may degrade the current control performance, a novel method implementing signal separation by the model-based estimation was introduced. On the contrary, a scheme using pulse width modulation (PWM) switching frequency signal, which is the theoretical maximum frequency, has been documented in [20] - [22] . As a result, not only the acoustic noise is reduced remarkably, but also the dynamics of the sensorless control system are improved effectively. These methods tried to increase the switching frequency to exceed the audible region. However, now the PWM switching frequency of insulated gate bipolar translator is usually set as several kilohertz in many motor drive applications considering the efficiency issue, which is not high enough to surpass the audible region.
In order to meet the requirement of industrial application, further improvements on noise reduction for HF injection based low-speed sensorless control of IPMSM drive are expected. A potential method for this purpose is to adopt the idea of random PWM (RPWM), which has been proved effective in reducing the noise caused by PWM [23] , [24] . If the frequency of the injected voltage can be adjusted randomly, it can be beneficial to extend the spectra, which will reduce the noise in sensorless control at low speed.
In this paper, a pseudo-random HF square-wave voltage injection based sensorless control scheme is proposed to reduce the audible noise when IPMSM operates at low and zero speed region. This investigation focuses on the signal extraction of rotor position information from the induced random frequency current. First, the implementation of random HF signal injection scheme including random signal generation, demodulation, and normalization is illustrated. In order to decrease the position estimation error caused by the time delay of the digital drive system, a compensation strategy for the time-delay effect in digital signal process is presented. In addition, the power spectra density (PSD) of the proposed pseudo-random frequency injection method is analyzed. The comparison of PSD between the fixed frequency and the random frequency injection is carried out both theoretically and experimentally. The effectiveness of the proposed method has been verified via simulation and experiment on a 2.2-kW IPMSM drive platform. If the frequency of injected signal is much higher than the fundamental frequency and the motor operates at low speed, (1) can be simplified into
II. CONVENTIONAL SENSORLESS ALGORITHM USING
where the subscript "h" means the HF component.
According to (2) , the HF current induced by the injected HF voltage can be analyzed. Both sinusoidal and square-wave voltage signals can be utilized. Here, the square-wave voltage injection is discussed. φ sqr indicates the unit square-wave function and φ saw indicates the unit saw-tooth-wave function, given, respectively, as 
where t m (t, T ) is the remainder of the Euclidean division of t by T.
If the HF voltage signal given as
is injected into the estimated rotor reference frame, then the stator current can be expressed as
As can be seen in (6) , ir qsh is proportional to the position error θ e , whenθ e is close to zero. The rotor position can be extracted by controlling ir qsh to zero.
If the frequency of the injected square-wave voltage is fixed and within the audible region, the acoustic noise will be shrill to hear. Other injection methods such as sinusoidal-wave HF voltage injection also suffer from this problem.
III. PROPOSED PSEUDO-RANDOM HF SIGNAL INJECTION BASED SENSORLESS CONTROL STRATEGY

A. Mechanism of Pseudo-Random HF Signal Injection
In order to reduce the acoustic noise produced by HF signal, this paper proposes a new method that injects two differentfrequency voltage signal randomly to extend the spectra of acoustic noise and make the sound less harsh to hear. Fig. 1 illustrates the implementation of the overall scheme. The random signal generator produces two square-wave signals, the injection and demodulation signals. The injection signal is added to the output of current regulator, and the demodulation signal whose phase angle is orthogonal to the injected one is used as the input of the demodulator. Both the fundamental and the random frequency components are contained in the stator current. The former obtained by a low-pass filter (LPF) is used as a feedback of the current regulator. The latter containing the rotor position information is extracted by a high-pass filter (HPF) and then input to the demodulator. The output of the demodulator is used as the input of the normalizer, which can extract the position error more accurately. By controlling the position error ε to zero with a Luenberger or phase-locked loop observer, the rotor position can be obtained.
The detailed diagram of the random signal generator is shown in Fig. 2 . The subscript "R" means the random value. Four signals are generated including two injection signals and two demodulation signals. The periods of the injection signals are different from each other, one is T 1 and the other is T 2 . The two demodulation signals are orthogonal to their corresponding injection signals, respectively. The random selector chooses one of the injection signals and its corresponding demodulation signal at the same time. Two kinds of fixed-frequency and fixedamplitude signals are selected periodically at random, since only discretely distributed frequency signal can be implemented. The random frequency square-wave voltage signal injected into the estimated rotor reference frame can be expressed as
B. Demodulation
According to (7) , the induced HF current in the stationary reference frame can be obtained as follows: where
Detailed derivation of (8) is shown in the Appendix. Then, on the assumption ofθ e ≈ 0, (11) can be simplified tõ
In (8), the frequency of Δi s d,q s pu associates with the rotor speed which is much lower than that of φ saw (t, T R ). Consequently, φ saw (t, T R ) is modulated by Δi s d,q s pu and the amplitude is subject to K 1 . To ensure the amplitudes of HF currents induced by the two different frequency voltages are identical, V R T R should maintain constant. The relationship of the random frequency voltage and current is shown in Fig. 3 .
In order to extract the position error signal, the effect of fluctuation from φ saw (t, T R ) in (8) should be suppressed. Multiplying (8) by the demodulation signal φ sqr (t − T R /4, T R ), we obtain
where
The parameter K 2 fluctuates between 0 and 1 with the frequency twice of the injected voltage. Now, the sign of Δi Fig. 4 is not to eliminate the noise φ saw (t + T R /4, T R /2) completely, but just to slightly reduce its amplitude in order to guarantee the sign of K 2 to be positive. Thus, the cutoff frequency of LPFs can be set high enough, which will not cause obvious phase lag of positon estimation.
C. Normalization
The effect of fluctuation in K 2 can be eliminated with the help of normalization as shown in Fig. 4 . As given in (15), the absolute value of K 1 K 2 can be calculated. If the sign of K 1 K 2 is guaranteed to be positive, it can be removed from (13 
Due to the division calculation in Fig. 4 , some noise will be produced when K 2 is around zero. That is why, a LPF is used to slightly reduce the amplitude of noise φ saw (t + T R /4, T R /2) in K 2 to avoid the division of zeros. In this way, the effect caused by the fluctuation of K 2 can be suppressed. Actually, with the aid of normalization, the evaluated position only depends on the relative scale between Δi s ds pu and Δi s qs pu . The position error signal can be extracted from (17) . By controlling ε to zero, the rotor position can be obtained
D. Compensation Strategy for Digital Time-Delay Effect
In digital control system of IPMSM drive, there is an inevitable execution time delay, which is one sampling period. Furthermore, digital PWM logic also produces around half sampling period time delay [25] . This one-and-a-half sampling period time delay is always neglected in fundamental frequency which is much lower than the PWM switching frequency. However, since the frequency of the injected HF signal is close to the PWM switching frequency, the time-delay effect cannot be neglected. The actual HF voltage injected into the stator lags behind the HF signal reference in the realization process. The time-delay effect will produce an additional position estimation error. In this part, the time-delay effect is discussed and a compensation scheme is proposed.
The actual injected HF voltage considering one-and-a-half sampling period time delay is shown as
where the superscript " " denotes the value in which time delay is taken into account, and T s denotes the sampling period. Then, (13) can be transformed into
As can be seen in (20) , sometimes K 2 is negative, and the HF current signal cannot be demodulated well.
In order to attenuate the time-delay effect, a compensation strategy by adding phase lag to the demodulation signal is adopted as shown in Fig. 4 . In realization, two sampling periods for compensating the phase lag are added to the demodulation signal since that only integral multiples of T s can be implemented. Fig. 5 shows the digital signal processing in which the timedelay effect is taken into consideration. From top to bottom, the random HF voltage reference in program, the actual HF voltage reference considering digital time delay, the induced current in stationary reference frame, the demodulation signal with time-delay compensation, and the demodulated signal are given, respectively. Since the period of HF signal can only be integral multiples of sampling period, four times and eight times situations are discussed here. In this way, the sign of demodulated signal only depends on the rotor position, and the position estimation error can be decreased.
E. Selection of the Injected Frequency and Voltage
Method to determine the frequency and voltage of the injection signal is a key issue for the pseudo-random HF injection method. The selection of injected frequency and voltage is discussed below.
1) Frequency Selection 1) The period of the injection signal must be integral multiples of the PWM period, for example, 2T s , 3T s , 4T s , 5T s . . . , where T s = 1/f s . So, frequency division method is used to produce the HF signals. 2) If a higher frequency is selected, the corresponding voltage should be increased to guarantee the SNR of HF current to be high enough to extract the position information. 3) With higher injection frequency, the digital timedelay effect would cause larger phase lag in the injected signal. Then, the influence on position estimation will be greater. 4) If a lower frequency is adopted, lower cutoff frequency LPFs should be used to extract the fundamental-frequency current for feedback, the performance of the position sensorless drive system will be deteriorated. 5) Considering the audible noise reduction, when the two injected frequencies are too close, the power spectra will not be extended effectively.
2) Voltage Selection
1) The ratio of voltage and frequency should be a constant, in order to ensure the magnitudes of the two induced HF currents to be the same. 2) A higher magnitude of HF voltage would cause a shriller noise, although it can achieve better performance since the SNR of the HF current can be guaranteed.
3) The additional HF current causes torque-ripple effect, especially under the condition of higher magnitude HF voltage injection.
IV. ANALYSIS OF PSD
PSD, the Fourier transform of the autocorrelation of a signal, is an important tool in random signal analysis. In [23] , PSD analysis method has been well established in RPWM, which is used to reduce the electric noise caused by PWM. The proposed method can be analyzed using the model proposed in [23] .
As the waveforms of injected HF voltage and induced current are shown in Fig. 3 , the current is composed of a series of successive saw-tooth waves with random frequency. For the kth cycle of the current can be expressed as
For general expression, the current induced by a random frequency square-wave voltage is shown as
As shown in (21) and (22), the HF voltage is assumed to be injected into the actual rotor reference frame in order to simplify the analysis of PSD. According to the analysis model proposed in [23] , the expression of PSD S h (f ) is shown as
+ 2Re where E denotes the mathematical expectation operator, and I h (f, T R ) denotes Fourier transform of i r dsh in one cycle
Then, the key terms in (23) can be calculated as
The mathematical expectation value in (23) is shown in (27), where p is the probability of selection in v inj 1 whose period is T 1 
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Equations (23)-(27) introduce the method to calculate the PSD including the fixed frequency signal and the random frequency signal. Fig. 6 shows the time domain waveforms and PSD results in three cases, fixed frequency 750 Hz injection, fixed frequency 1.5 kHz injection, and random frequency signal injection (750 Hz and 1.5 kHz). The probability parameter p is set to 0.5. The fixed frequency currents have regular waveforms. The random frequency current, which is a mixture of two fixed frequency signals, has an irregular waveform. All the current amplitudes in the three cases are equal. As can be seen in Fig. 6(b) , when the fixed frequency square-wave voltage is employed, the PSD of induced current concentrates on the frequency of injected signal and its odd harmonics. By contrast, when the pseudo-random frequency voltage is employed, the PSD distributes more widely and the peaks decrease significantly. Theoretically, it demonstrates that pseudo-random HF signal injection can extend the distribution of PSD. As a result, the audible noise will be reduced effectively.
V. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results
The Matlab-Simulink software is used to verify the pseudorandom HF square-wave voltage injection based sensorless control algorithm. The parameters of IPMSM are shown in Table I . The magnitudes of injected HF voltages are 46 V for 750 Hz and 92 V for 1.5 kHz. Fig. 7 shows the injected random frequency voltage and the induced d-axis current in the estimated rotor reference frame. The induced current has the same amplitude during the whole process. Fig. 8 shows the simulation results of digital signal processing for pseudo-random frequency signal injection at 100 r/min. The waveforms are the HF current in the stationary reference frame i 
B. Experimental Results
The pseudo-random HF square-wave voltage injection based sensorless scheme is verified at the platform with a 2.2-kW IPMSM test machine as shown in Fig. 9 . The parameters of IPMSM are shown in Table I . A mechanically coupled load induction motor is employed to produce the load torque. A lowcost ARM chip STM32F103VCT6 is adopted to execute all the sensorless control algorithm. High-accuracy current sampling resistors (8 mΩ-2 W-1%) are used to obtain the stator currents. The PWM switching frequency of the inverter and current sampling frequency are both 6 kHz, the dc bus voltage is 510 V and the dead time of the inverter is set as 3.2 μs. The magnitudes of the injected HF voltages are 46 V for 750 Hz and 92 V for 1.5 kHz. The current loop is corrected to a typical I-type system with the PI parameters K p1 = 66.6, K i1 = 51.9, and the speed loop is corrected to a typical II-type system with the PI parameters K p2 = 0.15, K i2 = 50. The filters in Fig.  1 are first-order Butterworth LPFs with a cutoff frequency of 300 Hz and first-order Butterworth HPFs with a cutoff frequency of 300 Hz. The PI parameters of the observer in Fig. 4 are K op = 444.3 and K oi = 1/τ oi = 222.2. The linear congruential generator is adopted to produce pseudo-random numbers [26] . And the probability p is set to 0.5. All the experimental results are achieved in sensorless control mode. Fig. 10 shows the comparison of the position estimation error with and without the time-delay compensation using the pseudo-random frequency voltage injection at 100 r/min with no load. As can be seen, the time-delay effect results in larger position estimation error reaching 0.9 rad. With the time-delay compensation, the maximum estimation error is decreased to 0.3 rad. Therefore, the proposed time-delay compensation is effective for the sensorless control.
The amplitude of the HF current represents the SNR to some extent, because the position can be extracted more effectively with larger amplitude of the current. Fig. 11 compares the phase currents and their PSD in three cases. When a lower amplitude fixed frequency 1.5 kHz voltage is employed in Fig. 11(a) , the PSD peak decreases, which means the audible noise is also lower. However, it is clear that the amplitude of the HF current decreases, so does the SNR. Therefore, reducing the amplitude of fixed frequency voltage can decrease the audible noise, but also decreases the SNR. Different from the fixed frequency injection method above, the random frequency injection in Fig. 11(c) has the same amplitude of HF current as in Fig. 11(a) . Nevertheless, the PSD peak at 1.5 kHz decreases In consequence, the random frequency injection can reduce the audible noise. At the same time, the SNR can be guaranteed. Fig. 12 shows the experimental results of the digital signal processing for the pseudo-random frequency signal injection at 100 r/min with 50% rated load. The waveforms are HF The waveform in the dashed box presents the induced random HF current. From the digital signal processing and the estimated position, it can be seen that the proposed demodulation and normalization methods are effective for this pseudo-random frequency signal injection. Fig. 13 shows the waveforms of line voltage, phase current, and their power spectra in 750 Hz, 1.5 kHz, and random frequency voltage injection at 100 r/min with no load. For fixed frequency square-wave signal injection, the distribution of voltage and current power concentrate on the frequency of injected signal and its odd harmonics. This makes the sound produced by HF signal very shrill to hear. For pseudo-random frequency square-wave signal injection, as can be seen, the peaks of 750-and 1.5-kHz signals decrease by 22.0 and 9.8 dB in the PSD of line voltage, and by 21.8 and 10.0 dB in the PSD of phase current, respectively. Their odd harmonics also decrease evidently and the distribution of PSD is wider. This makes the sound softer and less shrill to hear. Fig. 14 shows the sensorless operation at 20 r/min (1.33% of the rated speed) with half and full rated load. It can be seen that the speed can remain steady around 20 r/min, and the position estimation error is within 0.15 rad with half and full rated load. The random frequency injection based sensorless drive can operate at ultra-low-speed with rated load. Fig. 15 shows the actual speed, estimated speed, and estimated error of sensorless IPMSM control drive at zero speed with step rated load disturbance. It can be seen that the maximum speed estimation error is within 20 r/min during the step load disturbance, and the estimated speed tracks the actual speed well. The random frequency signal injection based sensorless drive can operate at zero speed with rated load disturbance.
In Fig. 16 , the reversal operation at ±100 r/min with 50% rated load is shown. The position estimation error is within Fig. 15 . Sensorless operation at zero speed with step rated load disturbance. 0.5 rad during the whole process. The random frequency signal injection based sensorless drive can operate both in motoring and regenerating mode. Fig. 17 shows that the sensorless IPMSM operates from 0 to 300 r/min, then returns to 0 r/min with rated load. It can be seen that the speed estimation error is within 25 r/min and the position estimation error is within 0.5 rad during the speed changing. The random frequency injection based sensorless drive can operate at low and zero speed range with rated load.
VI. CONCLUSION
This paper has proposed a pseudo-random HF voltage injection based sensorless control scheme for IPMSM drive, which can reduce the audible noise caused by the additional HF signal. Rotor position can be extracted effectively from the induced random HF current. The time-delay effect is attenuated by the proposed phase lag compensation strategy. It is demonstrated both theoretically and experimentally that the proposed method can extend the distribution of injected HF voltage and the induced current in frequency domain. Both the steady and dynamic performances of the proposed sensorless control scheme at low and zero speed operation are verified on a 2.2-kW IPMSM platform. 
Additionally, the voltage relation between the actual rotor reference frame and the estimated rotor reference frame can be obtained as 
By substituting (A2) and (A3) into (A1), the following result is obtained: 
